A SMALL ANGLE NEUTRON SCATTERING STUDY 
OF THE VORTEX MATTER IN La 2 - K Sr 2; Cu04 (x=0.17) 

R. GILARDIf S. STREULE and J. MESOT 

Laboratory for Neutron Scattering, ETH Zurich and PSI Villigen 
CH-5232 Villigen, Switzerland 

A.J. DREW, U. DIVAKAR and S.L. LEE 

School of Physics and Astronomy, University of St. Andrews 
North Haugh, St Andrews KY16 9SS, United Kingdom 

S.P. BROWN and E.M. FORGAN 
School of Physics and Astronomy, University of Birmingham 
Birmingham B15 2TT, United Kingdom 

N. MOMONO and M. ODA 
Department of Physics, Hokkaido University 
Sapporo 060-0810, Japan 



The magnetic phase diagram of slightly overdoped La2— ^Sr^CuCU (x=0.17) is charac- 
terised by a field-induced hexagonal to square transition of the vortex lattice at low fields 
(~0.4 Tesla) [R. Gilardi et al, Phys. Rev. Lett. 88, 217003 (2002)]. Here we report on 
a small angle neutron scattering study of the vortex lattice at higher fields, that reveals 
no further change of the coordination of the square vortex lattice up to 10.5 Tesla ap- 
plied perpendicular to the Cu02 planes. Moreover, it is found that the diffraction signal 
disappears at temperatures well below T c , due to the melting of the vortex lattice. 
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The magnetic phase diagram of the high-temperature superconductors is domi- 
nated by the mixed phase, where the magnetic flux can enter the sample in the form 
of quantised magnetic vortices that interact to form a vortex lattice (VL). Due to 
a combination of thermal fluctuations and out-of-plane anisotropy effects, the VL 
can melt into a liquid state above the so-called melting line B m (T). On the other 
hand a sufficiently large degree of in-plane anisotropy can affect the symmetry of 
the VL at low temperatures. 

In a previous small angle neutron scattering (SANS) experiment on slightly 
overdoped La2- :c Sr. c Cu04 (LSCO) (x=0.17, T c =37 K) we observed a field-induced 
transition from a hexagonal to a square VL around B*=0A Tesla 1 , which is in- 
dicative of the coupling of the VL to a source of anisotropy, such as that provided 
by the d-wave superconducting gap 2,3 ' 4 or Fermi surface anisotropics 5 . In LSCO 
the position of the gap nodes and of the Fermi velocity minima are rotated 45° 
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Figure 1: SANS diffraction patterns from the vortex lattice in slightly overdoped 
LSCO, measured at T=5 K at an applied magnetic field of B=2 T, 5 T and 9.5 T. 

with respect to each other. There thus exists the potential for a competition be- 
tween a square VL oriented in reciprocal space along the node directions ({1,0,0} 
directions in orthorhombic LSCO) and one oriented along the Cu-0 bonds ({1,1,0} 
directions). For B* < B < 1.2 T, the square VL is oriented along the {1,1,0} 
directions 1 , but a reorientation (rotation by 45°) of the square VL has been pre- 
dicted to occur at higher fields 5 ' 6 . In order to test this possibility, we have extended 
our measurements to higher magnetic fields. Moreover, we have also investigated 
the temperature dependence of the VL scattered intensity. 

The experiments were carried out using the SANS-I diffractometer at the Paul 
Scherrer Institute, Switzerland. The LSCO single crystal was mounted in a hori- 
zontal field cryomagnct with the c-axis along the neutron beam. The magnetic field 
(up to 10.5 Tesla) was aligned parallel to the neutron beam and therefore perpen- 
dicular to the Cu02 planes. In Fig.l we show SANS diffraction patterns obtained 
at T=5 K after field-cooling in B=2 T, 5 T and 9.5 T. A background measured at 
T=40 K (above T c ) has been subtracted in order to remove the large signal arising 
from crystal defect scattering. The diffracted intensity is concentrated in four bright 
spots forming a perfect square. The square VL is always oriented along the {1,1,0} 
directions (Cu-0 bonds), therefore indicating no reorientation of the VL up to the 
highest magnetic field applied (10.5 Tesla). 

The temperature dependence of the scattered neutron intensity at B—5 T, 
summed over all diffraction peaks, is shown in Fig. 2a. As a function of temperature, 
the intensity rapidly decreases and finally vanishes at T m well below T C 2, where the 
normal state is recovered. T m is usually interpreted as the melting temperature of 
the VL. Interestingly, the scattered intensity is negligible above T m , similarly to 
what has been observed in P^.isSri.gsCaC^Os+x 7 and YBa 2 Cu3 07_ 2; 8 . This is 
surprising, since in a liquid of straight vortices a ring of intensity is expected. This 
may indicate that the vortices are entangled (or decoupled) in the liquid phase. 
The values obtained for B m (T) are plotted in the magnetic phase diagram shown in 
Fig. 2b together with the results of macroscopic measurements 9 . The upper critical 
field B c2 (T) , indicating the crossover line to the normal state, has been determined 
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Figure 2: a) Temperature dependence of the diffracted intensity measured at B=5 
T. b) Magnetic phase diagram of LSCO (x=0.17). The melting line B m (filled 
circles) has been determined by SANS measurements. Bi rr (dotted line) and B C 2 
(dashed line) have been obtained by macroscopic measurements, see text. The 
hexagonal (A) to square (□) transition line B* is schematically shown by the solid 
line. 

using the Landau-Ott scaling procedure 10 for magnetization data. The irreversibil- 
ity line B irr (T) has been obtained from the loss peak in the imaginary part of the 
ac-susceptibility and is associated with the onset of resistivity and reversible mag- 
netization. The nice agreement between the melting line B m (T) as determined by 
SANS, and the irreversibility line B irr (T) should be noted. 
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